Cajal-Retzius cells are a class of neurons believed to play critical roles during cortical development. However, their network computational functions remain poorly understood. Although work in the neocortex and hippocampus has shown that Cajal-Retzius cells receive predominantly, if not exclusively, spontaneous GABA A receptor-mediated input, the cellular sources originating these events remain unclear. However, a precise definition of the presynaptic GABAergic interneurons contacting Cajal-Retzius cells is important to understand the microcircuits and network patterns controlling their activation. Here, we have taken advantage of electrophysiological and anatomical techniques applied to mouse hippocampal slices in vitro to directly address this question. Our paired recording experiments indicate that Cajal-Retzius cells receive small-amplitude, kinetically slow synaptic input from stratum lacunosum-moleculare interneurons, anatomically identified as neurogliaform cells. In addition, a convergence of optogenetic, electrophysiological, and pharmacological experiments shows that Cajal-Retzius cells receive GABAergic input from oriens lacunosum-moleculare cells and that this input has different physiological properties (i.e., larger amplitude and faster kinetics) from the one provided by neurogliaform cells. Last, we show that GABAergic evoked synaptic input onto Cajal-Retzius cells may either increase their excitability and trigger action potentials or inhibit spontaneous firing by depolarization block. We propose that the specific type of response depends on both the membrane potential of Cajal-Retzius cells and the kinetics of the received GABAergic input. In conclusion, we have unraveled a novel hippocampal microcircuit with complex GABAergic synaptic signaling, which we suggest may play a role in the refinement of the hippocampal network and connections during development.
Introduction
Cajal-Retzius cells are a major cellular source of reelin and play critical roles in directing cellular migration and cortical layer formation during brain development . However, their precise position within neocortical or hippocampal circuits are poorly understood, and their computational functions remain obscure.
Work in the neocortex and hippocampus has concurred that most, if not all, spontaneous synaptic input received by CajalRetzius cells in vitro is GABAergic. In fact, GABA A receptor antagonists completely silence spontaneous events recorded on these cells (neocortex: Kilb and Luhmann, 2001; Soda et al., 2003; Cosgrove and Maccaferri, 2012; hippocampus: Marchionni et al., 2010) . In addition, the functional significance of GABAergic input is further highlighted by the fact that both exogenous application (neocortex: Mienville, 1998; Achilles et al., 2007; hippocampus: Marchionni et al., 2010) and synaptic release (neocortex: Cosgrove and Maccaferri, 2012) of GABA to CajalRetzius cells generate depolarizing responses, pointing to a critical role in controlling their recruitment. In fact, GABA A receptor-mediated currents have a reversal potential depolarized to the resting voltage. This scenario is attributable to maintained elevated intracellular chloride levels (Mienville, 1998; Achilles et al., 2007) , via the NKCC1 transporter (and lack of the KCC2 transporter; Pozas et al., 2008) .
The identity of the presynaptic cells releasing GABA onto CajalRetzius cells is still unclear. Work in the neocortex has suggested the existence of at least two separate inputs based on their selective physiological and pharmacological properties (Kirmse et al., 2007) . However, paired recordings between layer I interneurons and Cajal-Retzius cells failed to reveal unitary events, thus suggesting the lack (or a very low degree) of connectivity between these cell types (Soda et al., 2003) . In contrast, application of the group I mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) in neocortical slices was shown to increase massively the frequency of spontaneous GABAergic postsynaptic currents by activating a network of interneurons located in the lower layers (Cosgrove and Maccaferri 2012) . Based on correlative evidence, these neurons were suggested by Cosgrove and Maccaferri (2012) to be somatostatin (Sst)-expressing Martinotti cells. Additionally, field stimulation of the subplate in the presence of glutamate receptor antagonists triggers GABAergic events, indicating the presence of subplate 3 CajalRetzius cell synapses (Myakhar et al., 2011) .
Although the layered structure of the hippocampus presents experimental advantages to address this type of connectivity questions, no data are currently available. Cajal-Retzius cells of the CA1 hippocampus are mostly located in stratum lacunosummoleculare, which receives layer-specific GABAergic input from several types of interneurons (Klausberger and Somogyi, 2008) . Both neurogliaform (for review, see Armstrong et al., 2012 ) and oriens lacunosum-moleculare (O-LM) (Maccaferri et al., 2000; Maccaferri, 2005) cells provide a very dense innervation of this layer and have been proposed to generate critical feedforward and feedback inputs regulating stratum lacunosum-moleculare integrative processes (Elfant et al., 2008; for review, see Capogna, 2011; Maccaferri, 2011) .
Here, we provide novel evidence that GABAergic input to hippocampal Cajal-Retzius cells is provided by neurogliaform and O-LM interneurons. Our results also suggest that this output may functionally impact Cajal-Retzius cell excitability in a celltype-specific manner.
Materials and Methods
Animals. For most of our experiments, we used slices obtained from CXCR4 -EGFP mice. These animals contain a transgene with the coding sequence of EGFP, with a polyadenylation signal, inserted into the RP23-9A20 mouse genomic bacterial artificial chromosome at the ATG transcription initiation codon of the CXCR4 receptor gene, so that expression of the reporter mRNA/protein is driven by the regulatory sequences of the mouse gene (www.gensat.org). We took advantage of this mouse line because Cajal-Retzius cells express CXCR4 (Stumm et al., 2002 (Stumm et al., , 2003 . Therefore, EGFP labeling facilitates the identification of Cajal-Retzius cells in slices prepared from these mice (Marchionni et al., 2010 (Marchionni et al., , 2012 Cosgrove and Maccaferri, 2012) .
To optogenetically activate O-LM cells, which express Sst (Maccaferri et al., 2000) , we took advantage of Sst-IRES-Cre mice (strain STOCK Sst tm2.1(cre)Zjh /J, stock number 013044; The Jackson Laboratory; Taniguchi et al., 2011) because, in these animals, Cre recombinase expression is driven by the endogenous promoter/enhancer elements of the Sst locus. These mice were bred with a strain that conditionally expresses an improved channelrhodopsin-2/EYFP fusion protein [ChR2(H134R Mice of either sex were used. The age of the animals was in the range of postnatal days P10 -P19 [CXCR4 -EGFP mice: P10, n ϭ 2; P11, n ϭ 7; P12, n ϭ 11; P13, n ϭ 13; P14, n ϭ 14; P15, n ϭ 7; P16, n ϭ 1; P19, n ϭ 1; Sst-IRES-Cre; ChR2(H134R)-EYFP mice: P14, n ϭ 3; P15, n ϭ 3; P18, n ϭ 1; P19, n ϭ 1]. Within our datasets, we did not find any significant correlation between the postnatal age of the animals used to prepare slices and the measured amplitude/kinetics of synaptic events (spontaneous, evoked, or unitary) . Similarly, both inhibitory and excitatory responses to stratum radiatum stimulation and the membrane potential dependency of our conductanceclamp results were not dependent on the age of the mice used to prepare slices. Therefore, we pooled data from animals of all the postnatal ages in our range. The number of animals used and their average Ϯ SE postnatal days is indicated for every experimental dataset in Results. The postnatal age of the mice associated with specific traces shown in the illustrations is mentioned in the legends.
Slice preparation. Mice were deeply anesthetized using isoflurane in compliance with the guidelines provided by the Institutional Animal Care and Use Committee of Northwestern University and the National Institutes of Health. After deep anesthesia, animals were quickly decapitated, and the brain was removed from the skull in a small container filled with chilled solution of the following composition (in mM): 130 NaCl, 24 NaHCO 3 , 3.5 KCl, 1.25 NaH 2 PO 4 , 1 CaCl 2 , 2 MgCl 2 , and 10 glucose (saturated with 95% O 2 , 5% CO 2 at pH 7.4). A vibrating microtome (Leica VT 1000 S) was used to cut sections of 350 m in chilled solution. Slices were then stored in an incubation chamber at 34 -35°C for at least 30 min and then stored at room temperature until use.
Electrophysiological recordings. Conventional patch-clamp recordings were performed in whole-cell and cell-attached configurations. Slices were superfused with preheated solution of the following composition (in mM): 130 NaCl, 24 NaHCO 3 , 3.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 10 glucose (saturated with 95% O 2 , 5% CO 2 at pH 7.4 and maintained at a constant temperature of 30 -32°C).
Cells were observed and selected for recording by means of 60ϫ infrared water-immersion objective applied to a direct microscope (either Scientifica or Olympus) equipped with oblique illumination Olympus optics and an infrared camera system (Till Photonics). Cajal-Retzius cells were recognized by their typical shape and fluorescence in the CXCR4 -EGFP mouse. For optogenetic studies, we used animals in which CajalRetzius cells were not labeled by EGFP. In these specific experiments, we preselected cells based on both their firing pattern and appearance in the slice. Stratum lacunosum-moleculare interneurons were chosen because of their location in that layer, preferably close to the hippocampal fissure, as in the study by Zsiros and Maccaferri (2005) , and firing patterns. O-LM interneurons were preselected based on the appearance of their main dendrites in the slice and firing patterns.
Pipettes were pulled from borosilicate thin glass capillaries and filled with the appropriate filtered solution to a 3-5 M⍀ final resistance, as detailed below. Recordings were performed using a Multiclamp 700 amplifier (Molecular Devices). Data were filtered at 3 kHz and digitized at 10 -20 kHz using a Digidata analog-to-digital board and the Clampex 9 program suite (Molecular Devices). Voltage-clamp recordings were performed at a holding potential of Ϫ60 mV, whereas cell-attached recordings were performed at a holding potential of 0 mV. Series resistances were monitored by injecting a 5/10 mV step in voltage clamp but not compensated.
Pipette solutions. We used different types of solutions, as follows. The solution for current-clamp recordings from interneurons contained the following: 105 mM K-methylsulfate, 10 mM NaCl, 20 mM KCl, 0.3 mM GTP-Na 3 , 4 mM ATP-Mg, 16 mM KHCO 3 , and 0.3-0.5% biocytin, equilibrated with 95% O 2 , 5% CO 2 to a pH 7.3. The solution for voltage-and current-clamp recordings from Cajal-Retzius cells contained the following: 125 mM KCl, 10 mM NaCl, 0.3 mM GTP-Na 3 , 4 mM ATP-Mg, 16 mM KHCO 3 , 10 mM QX-314-Cl, and 0.3-0.5% biocytin, equilibrated with 95% O 2 , 5% CO 2 to a pH 7.3. QX-314-Cl was omitted for the experiments of Figures 5, 8 , and 12. The solution for cell-attached recordings from Cajal-Retzius cells contained the following (in mM): 130 NaCl, 24 NaHCO 3 , 3.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 10 glucose (saturated with 95% O 2 , 5% CO 2 at pH 7.4). In a few experiments of Figure 11 , to record stratum lacunosum-moleculare-evoked postsynaptic currents from the same cell evaluated previously in cell-attached conditions, we also passed into whole-cell configuration, similarly to what done by Woodruff et al. (2009) .
Analysis of synaptic events. For spontaneous postsynaptic currents, events were first collected using the template-based analysis feature of Clampfit and then reviewed by visual inspection. For unitary events from paired recordings, postsynaptic currents were averaged after alignment using the presynaptic spike as trigger. The decay kinetic properties of the unitary events were analyzed as described by Maccaferri et al. (2000) : the time constant of the monoexponential fit or the weighted average of the two time constants obtained from biexponential fits (Banks et al. 1998) was used for the analysis. If neither monoexponential or biexponential functions could adequately fit the decay of the postsynaptic event, the time to 63% of decay was used. For stratum-oriens-evoked postsynaptic currents, events were first averaged and then analyzed similarly to unitary events.
Events were analyzed using the Clampfit 9.0 (Molecular Devices), Origin Pro7.0 (OriginLab), Prism 3.0 (GraphPad Software), and Microsoft Excel suites of programs.
Optogenetic stimulation of neurons. Blue light was transmitted to the slice from a collimated LED (royal blue, 455 nm wavelength; Thorlabs) attached to the epifluorescence port of an Olympus BX51WI direct microscope. Light flashes of 1-5 ms duration were reflected by a mirror to 60ϫ objective (1.0 numerical aperture) every 2 min.
Anatomical methods. Biocytin-filled cells were visualized using a slightly modified version of the protocol described by Lübke et al. (2000) . Slices were fixed overnight in 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Endogenous peroxidase activity was quenched using a 3% H 2 O 2 solution for 15 min. Slices were incubated overnight at 4°C in avidin-biotinylated-HRP complex (Vectastain ABC Elite kit) with 0.1% Triton X-100 in PB, followed by a peroxidase reaction with 3Ј3-diaminobenzidine tetrahydrochloride as a chromogen, and intensified with 1% NiNH 4 SO 4 and 1% CoCl 2 . Cells were then checked for contrast under light microscopy and briefly postfixed with 0.1% OsO 4 in PB (1-3 min). Slices were then mounted on slides with Moviol (Hoescht) and coverslipped. After drying, cells were reconstructed using a drawing tube and digitized using the NeuronJ plugin of NIH ImageJ (Meijering et al., 2004) .
Time windows used for the statistical analysis of synaptic events and action currents. For the pharmacological experiments of Figure 10 , control values were obtained during the initial 5 min in control conditions (t ϭ 0 -5 min) and compared with values calculated in the presence of the drug (2 min after its application, t ϭ 7-12 min).
Firing rates shown in the plots of Figures 11 and 12 were calculated as described by Abeles (1982) . For the statistical comparison of the data shown in Figure 11 , we used prestimulus frequencies calculated in a 20 ms period (t ϭ 40 -60 ms) and poststimulus frequencies obtained in time windows of identical duration (early poststimulus, t ϭ 90 -110 ms; late poststimulus, t ϭ 400 -420 ms). Baseline frequencies of individual recordings shown in the scatter plot were measured using the entire prestimulus period (t ϭ 0 -60 ms). The effect of stratum lacunosummoleculare stimulation was quantified for individual cells of the same plot as follows. First, the peak effect of stimulation was identified in a time course plot binned at 5 ms intervals, and then this poststimulus frequency value was divided by the prestimulus baseline frequency. For the data of Figure 12 , when a slow conductance was injected, we compared preinjection frequencies calculated in a 20 ms period (t ϭ 40 -60 ms) versus later time windows of the same duration (t ϭ 60 -80 ms and t ϭ 100 -120 ms). When a fast conductance was injected, because of the decreased jitter of the response, we used time windows of 10 ms (preinjection, t ϭ 50-60 ms vs t ϭ 60 -70 ms and t ϭ 100 -110 ms).
Statistical methods. Data are presented as mean Ϯ SE. Significance level was selected as 0.05, and nonparametric tests were used as appropriate. Specific tests are indicated in the text. 
Results
Cajal-Retzius cells of hippocampal CA1 stratum lacunosummoleculare receive spontaneous synaptic input that is completely abolished by GABA A receptor antagonists (Marchionni et al., 2010) . When recorded in voltage-clamp configuration, spontaneous GABAergic events had an average amplitude of 113 Ϯ 12 pA (n ϭ 14 cells from n ϭ 5 mice of 12.6 Ϯ 0.4 postnatal days of age), with a large variability (Fig. 1) . The observed variability could be intrinsic to the GABA releasing presynaptic terminals, reflect their location along the somatodendritic axis of the cell, and/or indicate the presence of multiple sources of inputs with distinct properties.
Stratum lacunosum-moleculare interneurons as a source of local GABAergic input to Cajal-Retzius cells: properties of unitary postsynaptic currents
Because stratum lacunosum-moleculare is prominently innervated by local interneurons (Fig. 2) , we decided to test the hypothesis that these neurons provide part of the GABAergc input received by Cajal-Retzius cells by taking advantage of interneuron 3 Cajal-Retzius cell paired recordings (Fig. 3 , data from n ϭ 15 mice of 11.9 Ϯ 0.3 postnatal days of age). In 14 cases, anatomical recovery was sufficient to define them as neurogliaform-like cells based on their dendritic and axonal structures. In two cases, only the dendritic arborization was recovered, which was multipolar and consistent with what is usually shown by neurogliaform-like cells; in one other case only the axon was recovered. In eight cases, the structure of the recorded cells was not recovered, but the firing pattern was similar to what shown by anatomically recovered neurogliaform-like cells (Fig. 2) . In one last case, neither the cell structure nor the firing pattern were recovered/recorded.
As shown in Figure 3 , a train of three action potentials triggered by current injection in the presynaptic neurons induced unitary responses that appeared as either an increased membrane noise of the recorded current or a clearly recognizable postsynaptic current. The amplitude of unitary postsynaptic currents (uPSCs) was 5 Ϯ 1 pA (n ϭ 26) for the first response and 11 Ϯ 2 pA (n ϭ 26) at the peak of the third response (Fig. 4) . Overall, kinetic properties were slow. The average rise time of the first response was 3.4 Ϯ 0.4 ms (n ϭ 17), and the decay time constant of the compound response was 30.3 Ϯ 2.9 ms (n ϭ 23). Application of gabazine fully blocked unitary responses, indicating that they were mediated by GABA A receptors (n ϭ 4; data not shown). However, in this set of experiments, the presence of a GABA B receptor-mediated component could not be evaluated because the voltage-clamp intracellular solution used for the Cajal-Retzius cells of the pairs contained QX-314, which blocks GABA B receptor-mediated postsynaptic currents (Nathan et al., 1990) . Therefore, we repeated a similar set of measurements using QX-314-free recording pipettes. As is shown in Figure 5 , under these experimental conditions, no outward current was detectable either in control conditions or after application of gabazine (n ϭ 4 pairs from 4 animals of 11.8 Ϯ 0.5 postnatal days of age). Thus, our experiments indicate that GABA released by hippocampal stratum lacunosum-moleculare local interneurons generates small-amplitude and slow kinetic responses on Cajal-Retzius cells, entirely mediated by GABA A receptors. This result also suggests that these neurons are unlikely to be the source of the larger-amplitude and kinetically faster events that occur spontaneously on CajalRetzius cells. We directly addressed this point by comparing the amplitude of the first unitary response recorded in connected pairs with the largest spontaneous event recorded in the absence of firing in the Cajal-Retzius cell of the pair (the postnatal age of the mice used in this dataset was 12 Ϯ 0.3 d, n ϭ 15). As shown in Figure 6 , we could consistently record spontaneous events of much larger amplitude and faster kinetics than neurogliaform-originated responses. The amplitude of the largest spontaneous events observed was 237 Ϯ 41 pA, which compared with 5 Ϯ 1 pA for the unitary response to the first spike ( p Ͻ 0.05, Wilcoxon's matched-pairs signed-rank test, n ϭ 23). The ratio between these amplitudes was 66 Ϯ 12 (n ϭ 23). Furthermore, the rise time of the observed largest spontaneous event was much faster than the one measured for the first unitary response (0.7 Ϯ 0.3 ms compared with 3.4 Ϯ 0.4 ms, respectively; p Ͻ 0.05, Wilcoxon's matched-pairs signed-rank test, n ϭ 17). The ratio of these values was 0.2 Ϯ 0.1 (n ϭ 17). This set of experiments also rules out technical limits as factors contributing to the small amplitude and slow kinetics of the recorded unitary events, because larger and faster currents were recorded in the same cells.
Functional properties of O-LM cell-originated GABAergic input to Cajal-Retzius cells
Therefore, we decided to test the hypothesis that O-LM interneurons contribute postsynaptic currents with larger amplitudes and faster kinetics. Despite precedents in the literature reporting unitary currents generated by O-LM cells onto pyramidal cells (Maccaferri et al., 2000) and neurogliaform interneurons (Elfant et al., 2008) , our attempts to record O-LM 3 Cajal-Retzius cell unitary events were unsuccessful (data not shown). The most parsimonious explanation is probably that the dendritic membrane surface of Cajal-Retzius cells is much more limited in its extension when compared with the entire apical tuft of pyramidal neurons or the multipolar dendritic arborization of neurogliaform interneurons.
We decided to readdress this issue by taking advantage of a different approach based on verifying a series of constraints that would be required by the specific cellular properties of O-LM cells. First, O-LM cells express the neuropeptide Sst (Maccaferri et al., 2000) . Therefore, if O-LM cells contact Cajal-Retzius cells, then optogenetic stimulation of axons belonging to Sstexpressing interneurons in stratum lacunosum-moleculare should generate postsynaptic currents. Second, O-LM cells are defined by the origin and termination of their axon in stratum oriens and lacunosum-moleculare, respectively (Sik et al., 1995) . Therefore, in the absence of glutamatergic transmission, direct electrical stimulation of stratum oriens should generate GABAergic postsynaptic responses on Cajal-Retzius cells. Third and last, O-LM cells express high levels of group I metabotropic glutamate receptors on their somatodendritic membranes (Baude et al., 1993; Ferraguti et al., 2004) , which increase their spontaneous firing (McBain et al., 1994; van Hooft et al., 2000) . Therefore, application of an agonist of these receptors on stratum oriens should increase the frequency of spontaneous postsynaptic currents observed on Cajal-Retzius cells.
To test the first prediction, we took advantage of a mouse line that expresses a ChR2 variant in Sst-positive interneurons (for details, see Materials and Methods) at levels sufficient to generate action potentials. We recorded from ChR2(H134R)-EYFPexpressing horizontal interneurons (Maccaferri, 2005) in stratum oriens exhibiting firing patterns typical of O-LM cells (data from mice of 14.3 Ϯ 0.3 postnatal days age, n ϭ 3). In nine of nine cells, we could trigger action potentials with short light pulses, and in all interneurons tested, we could record light-activated currents in voltage-clamp configuration (Fig. 7) . Light stimulation of stratum lacunosum-moleculare with a short pulse of light revealed evoked postsynaptic currents in Cajal-Retzius cells (Fig.  8 , data from n ϭ 5 animals, 16.2 Ϯ 1.0 postnatal days of age), which were identified by their characteristic firing pattern (n ϭ 9) and, in some cases, also by post hoc recovery of their structure (n ϭ 6). The events had an amplitude of 106 Ϯ 15 pA, a rise time of 1.6 Ϯ 0.3 ms (n ϭ 9), and were fully blocked by TTX (n ϭ 4) and gabazine (n ϭ 4). Next, we verified the second prediction by recording the synaptic responses produced by electrical stimulation of stratum oriens with single and multiple pulses in the constant presence of ionotropic glutamate receptor blockers (data from five mice of 15.2 Ϯ 1.0 postnatal days of age). As shown in Figure 9 , we observed events with rise-time kinetics similar to the ones obtained with optogenetic stimulation but very different from what found in unitary connections mediated by neurogliaform cells. The rise time of stratum oriens-evoked postsynaptic currents (oPSCs) was 1.0 Ϯ 0.2 ms (n ϭ 14) compared with 1.6 Ϯ 0.3 ms (n ϭ 9) for light-evoked events ( p Ͼ 0.05, Kruskal-Wallis with Dunn's post hoc test) and with 3.4 Ϯ 0.4 ms (n ϭ 17) for neurogliaform-evoked unitary events ( p Ͻ 0.05, Kruskal-Wallis with Dunn's post hoc test). The amplitude of the response to the first pulse of oPSCs was 43 Ϯ 12 pA (n ϭ 14) and 69 Ϯ 14 pA (n ϭ 14) to the third. The decay time at the end of the third pulse was 23.7 Ϯ 2.4 ms (n ϭ 14).
Thus, these results strongly converge in indicating that O-LM cells provide direct GABAergic input to Cajal-Retzius cells with different properties from the one originating from neurogliaform interneurons. As a last test of our predictions, we decided to increase firing in O-LM cells by exposing slices to the group I mGluR agonist DHPG (10 M), in the presence of antagonists of ionotropic glutamate receptors (data from n ϭ 3 animals of 13.3 Ϯ 0.3 postnatal days of age). As shown in Figure 10 , DHPG application increased the frequency of synaptic events from 154 Ϯ 56 mHz in control conditions to 657 Ϯ 147 mHz in the presence of the drug (n ϭ 9, p Ͻ 0.05, Wilcoxon's matched-pairs signed-rank test). However, the amplitude of the spontaneous currents did not change significantly (133 Ϯ 22 pA during the baseline vs 89 Ϯ 9 pA during DHPG application, n ϭ 9, p Ͼ 0.05, Wilcoxon's matched-pairs signed-rank test). This result was dependent on the integrity of the slice because surgical cuts disconnecting stratum oriens from stratum lacunosummoleculare (reduced slice), and hence eliminating the effect of O-LM cells, prevented DHPG-induced increase of spontaneous events. In reduced slices (data from n ϭ 3 mice of 14.0 Ϯ 0.6 postnatal days of age), the control frequency was 100 Ϯ 22 mHz, which compared with 160 Ϯ 51 mHz in the presence of DHPG (n ϭ 8, p Ͼ 0.05, Wilcoxon's matched-pairs signed-rank test). Under the same conditions, no significant effects were seen on event amplitudes (148 Ϯ 10 pA in control vs 123 Ϯ 16 pA during drug application, n ϭ 8, p Ͼ 0.05, Wilcoxon's matched-pairs signed-rank test). In conclusion, our data strongly suggest that Cajal-Retzius cells receive direct GABAergic input both from neurogliaform and O-LM interneurons.
Inhibitory/excitatory effect of evoked GABAergic input depends on postsynaptic current kinetics and target cell membrane potential What is the functional effect of these specific connections on the excitability of Cajal-Retzius cells? We reasoned that the firing of neurogliaform cells may be synchronized by gap junctions (Price et al., 2005; Zsiros and Maccaferri, 2005) , and hence we decided to study responses to field stimulation of stratum lacunosummoleculare, which is densely innervated by these neurons. As illustrated by Figure  11 , we observed two different types of responses.
In the first group (n ϭ 12 recordings of 21, data from n ϭ 7 animals of 14.4 Ϯ 0.4 postnatal days of age), we observed a clear inhibition of spontaneous firing. In five of these cells, we then passed from cellattached configuration into whole-cell recordings. As shown in Figure 11 , the postsynaptic response was slow, consistent with being mediated primarily by neurogliaform cells. A few cases in which faster kinetics were observed were not included in the analysis. In five additional recordings of this group, we maintained the cell-attached configuration and bath applied gabazine to verify that the effect was mediated by GABA A receptors. In control conditions, stimulation of stratum lacunosum-moleculare decreased spontaneous firing frequency from 9.7 Ϯ 1.9 to 0.0 Ϯ 0.0 Hz (n ϭ 12, p Ͻ 0.05, Friedman's test with Dunn's post hoc test; for the time windows used for this analysis, see Materials and Methods) and then returned to baseline values (9.7 Ϯ 1.7 Hz, n ϭ 12, p Ͼ 0.05, Friedman's test with Dunn's post hoc test). In contrast, in the presence of gabazine, stimulation was ineffective and did not inhibit spontaneous firing. Under these experimental conditions, the frequency of spontaneous action currents was 12.5 Ϯ 1.6 Hz before versus 7.5 Ϯ 2.7 Hz after stimulation (n ϭ 5, p Ͼ 0.05, Friedman's test with Dunn's post hoc test) and 11 Ϯ 1.9 Hz in the recovery period (n ϭ 5, p Ͼ 0.05, Friedman's test with Dunn's post hoc test).
The second group of recordings (n ϭ 9 recordings of 21, data from n ϭ 7 animals of 13.1 Ϯ 0.6 postnatal days of age) revealed clear excitatory responses. Stimulation of stratum lacunosummoleculare transiently increased the frequency of action currents from 3.7 Ϯ 1.6 to 25.2 Ϯ 6.0 Hz (n ϭ 9, p Ͻ 0.05, Friedman's test with Dunn's post hoc test), which then returned to a frequency of 3.0 Ϯ 1.4 Hz, similar to before stimulation (n ϭ 9, p Ͻ 0.05, Friedman's test with Dunn's post hoc test). As shown in Figure 11 , in a subset of experiments (n ϭ 3), we passed from cell-attached to whole-cell conditions to verify the actual presence of an evoked postsynaptic current. In n ϭ 5 different recordings, we maintained cell-attached configuration and bath perfused gabazine. In the presence of the drug, no action current could be recorded, before or after stimulation.
An additional observation suggested to us a possible explanation for the opposite results between the two groups. When we compared the basal spontaneous frequency of action currents of cells that responded to stimulation with inhibition versus excitation, we noticed a clear difference. Cells that were inhibited had a higher frequency of basal spontaneous activity compared with cells that were excited by stimulation. The value of action current frequency for the former group was 10.6 Ϯ 1.4 Hz compared with 2.8 Ϯ 1.2 Hz for the latter (Mann-Whitney test, p Ͻ 0.05, n ϭ 21). This result could be easily explained by a different membrane potential in the two groups: more depolarized in the cells that respond to stimulation with inhibition and more hyperpolarized in the cells that respond with excitation. Under the former circumstances, depolarizing GABAergic input could lead to depolarizing block, whereas the latter more hyperpolarized cells would maintain their ability to generate action potentials. An additional result corroborating this interpretation is that gabazine had no significant effect on baseline spontaneous firing in cells that responded to stimulation with inhibition. In this group, baseline frequency was 10.6 Ϯ 1.4 Hz in control conditions (n ϭ 12) compared with 12.3 Ϯ 1.9 Hz (n ϭ 5) in the presence of gabazine ( p Ͼ 0.05, Mann-Whitney U test; for the time windows used to estimate these frequencies, see Materials and Methods and figure legends). In contrast, gabazine had a very strong effect on baseline frequency in cells that responded to stimulation with excitation. Baseline frequency of spontaneous action currents was 2.8 Ϯ 1.2 Hz (n ϭ 9) in the absence of the drug versus 0.0 Ϯ 0.0 (n ϭ 5) after its application ( p Ͻ 0.05, Mann-Whitney U test). Together, these results suggest that cells that are depolarized generate spontaneous firing driven by intrinsic properties (hence not blocked by gabazine), whereas action currents observed in Cajal-Retzius cells that are more hyperpolarized are entirely synaptically driven and, therefore, sensitive to gabazine.
Next, we reasoned that, if the membrane potential was the critical determinant of the inhibitory versus excitatory response to synaptic inputs, then we should observe similar membrane potential-dependent inhibitory/excitatory responses under dynamic clamp conditions, after the injection of experimentally recorded waveforms. We monitored membrane excitability by triggering action potentials with trains of 10-ms-long depolarizing current pulses of fixed amplitudes, injected at 10 Hz frequency, superimposed on the synaptic conductance. We injected a kinetically slow synaptic waveform conductance (taken from the experiments of Fig. 11) , with a reversal potential of Ϫ30 mV (according to experimental estimates of E GABA in Cajal-Retzius cells; Mienville, 1998; Achilles et al., 2007) . As shown in Figure 12 , when the membrane potential was maintained at relatively depolarized levels (approximately Ϫ45 mV, similar to what observed immediately after breakthrough in whole-cell condition; Marchionni et al., 2010, their Fig. 11) , the injection of a synaptic waveform did not lead to immediate increased firing (basal frequency before the conductance injection was 7.2 Ϯ 0.6 vs 8.2 Ϯ 0.6 Hz immediately after, n ϭ 17, p Ͼ 0.05, Friedman's test with Dunn's multiple comparison post hoc correction, data from n ϭ 5 mice of 13.6 Ϯ 0.5 postnatal days of age). However, a clear inhibition of spiking was evident at later times (0.3 Ϯ 0.3 Hz, n ϭ 17, p Ͻ 0.05, Friedman's test with Dunn's multiple comparison post hoc correction). In contrast, when the recorded Cajal-Retzius cell was maintained at a relative hyperpolarized membrane potential (approximately Ϫ50 mV, data from n ϭ 4 animals of 13.2 Ϯ 0.6 postnatal days of age), clear excitation was observed immediately after the injection of the synaptic conductance. Basal frequency before the conductance injection was 8.6 Ϯ 0.4 versus 35.8 Ϯ 3.7 Hz immediately after (n ϭ 14, p Ͻ 0.05, Friedman's test with Dunn's multiple comparison post hoc correction). Excitation was followed by inhibition at later times (0.0 Ϯ 0.0 Hz, n ϭ 14, p Ͻ 0.05, Friedman's test with Dunn's multiple comparison post hoc correction). These results mimic very well what was observed experimentally in Figure 11 and support the idea that a kinetically slow excitatory conductance may be very effective to drive CajalRetzius cells into depolarization block, when their membrane potential is in a depolarized state. In contrast, it can still provide excitation if the resting membrane potential of the cell is sufficiently hyperpolarized.
We took further advantage of this approach to test whether a conductance with the same reversal potential and amplitude, but faster kinetics, could produce different results. In an additional set of experiments, we tested the effect of a synaptic waveform experimentally recorded from stratum oriens stimulation, therefore likely to reflect the input provided by O-LM cells. Under these conditions, excitation was consistently observed at both depolarized and hyperpolarized membrane potentials, followed by a period of inhibition. When cells were held at approximately Ϫ45 mV (data from n ϭ 6 mice of 13.0 Ϯ 0.4 postnatal days of age), prestimulation frequency of firing was 7.0 Ϯ 0.8 Hz, immediately followed by excitation (as indicated by a frequency of 45.5 Ϯ 5.8 Hz, n ϭ 17, p Ͻ 0.05, Friedman's test with Dunn's multiple comparison post hoc correction) and later inhibition (0.7 Ϯ 0.3 Hz, n ϭ 17, p Ͻ 0.05, Friedman's test with Dunn's multiple comparison post hoc correction). Similar results were obtained when cells were held more hyperpolarized (approximately Ϫ50 mV, data from n ϭ 6 mice of 13.0 Ϯ 0.4 postnatal days of age). Under these experimental conditions, basal frequency (7.9 Ϯ 0.7 Hz) was followed by immediate excitation (74.1 Ϯ 7.5 Hz, n ϭ 15, p Ͻ 0.05, Friedman's test with Dunn's multiple comparison post hoc correction) and later inhibition (01.3 Ϯ 0.5 Hz, n ϭ 15, p Ͻ 0.05, Friedman's test with Dunn's multiple comparison post hoc correction).
Discussion
This work unravels a novel hippocampal microcircuit and reveals neurogliaform interneurons and O-LM cells as presynaptic sources of GABAergic input to Cajal-Retzius cells (Fig. 13) . In addition, we identify a functional dichotomy of the responses of Cajal-Retzius to GABAergic synaptic input, which may have important consequences for their computational roles. In fact, our results suggest that the complex integration of the functional state of Cajal-Retzius cells (depolarized or hyperpolarized) with the specific presynaptic cellular sources of their GABAergic input may determine whether this signaling will result in inhibition versus excitation. (Kilb and Luhmann, 2001; Soda et al., 2003; Marchionni et al., 2010; Cosgrove and Maccaferri, 2012) . In addition, electrophysiological (Mienville, 1998; Achilles et al., 2007; Marchionni et al., 2010) and immunohistochemical work (Pozas et al., 2008) converge in suggesting that Cajal-Retzius cells maintain a reversal potential for GABA that generates depolarizing responses throughout development.
Significance of GABAergic input to Cajal-Retzius cells
We show that Cajal-Retzius cells receive GABAergic input from specific feedforward (neurogliaform) and feedback interneurons (O-LM cells) with distinct physiological characteristics. The unitary events originating from local stratum lacunosummoleculare interneurons display rise time and decay kinetics similar to the previously described GABA A,slow synaptic currents recorded in rodent pyramidal cells (Pearce, 1993; for review, see Capogna and Pearce, 2011) , which were eventually attributed to GABA released by neurogliaform cells (hippocampus: Price et al., 2005; Karayannis et al., 2010; neocortex: Tamás et al., 2003; Szabadics et al., 2007) . However, in contrast to unitary events mediated by both GABA A and GABA B receptors in pyramidal cells (Tamás et al., 2003; Price et al., 2005) Notice the large increase of event frequency and the small, nonsignificant effect on the amplitude. B, As in A, but experiments were performed in surgically modified slices with a cut to disconnect stratum oriens from the other layers (reduced slice, P13). Notice the lack of effect both on event frequency and amplitude. Marchionni et al., 2010) , our work suggests that signaling at neurogliaform 3 Cajal-Retzius cell connections is purely depolarizing. The amplitude of the majority of the unitary currents recorded in our sample was surprisingly small (Fig. 3) . Under our recording conditions (E GABA ϭ ϳ0 mV, V holding ϭ Ϫ60 mV), we measured an average amplitude of the first unitary response to a train of spikes of ϳ5 pA. Assuming a physiological E GABA of approximately Ϫ30 mV (Mienville, 1998; Achilles et al., 2007) and a membrane input resistance of ϳ1.5 G⍀ (Marchionni et al., 2010) , this would translate in an ϳ4 mV depolarization from a resting potential of Ϫ60 mV. However, Cajal-Retzius cells also receive spontaneous events of much larger amplitude and faster kinetics (Marchionni et al., 2010; Figs. 1, 6) , which would translate in much larger depolarizations, most likely large enough to trigger an action potential.
Although we were unable to obtain direct paired recordings between O-LM and Cajal-Retzius cells, a convergence of results using different techniques indicate that at least part of these larger-amplitude and kinetically faster events originate from O-LM interneurons (Figs. 8-10 ). For example, in some recordings, stimulation intensity was low enough that both failures and relatively large responses (of the order of magnitude of hundreds of picoamperes; Fig. 9 ) could be observed. Furthermore, although application of DHPG greatly increased the frequency of spontaneous events, its effect on amplitudes was modest and nonsignificant. This is likely to indicate that DHPG-induced firing in O-LM cells generated additional events of average amplitude similar to the one measured during the predrug baseline (ϳ100 pA).
Together, our results suggest that, although the summation/ integration of postsynaptic currents generated by several presynaptic neurogliaform cells is required to impact significantly the membrane potential of Cajal-Retzius cells, fewer presynaptic O-LM cells are needed to drive Cajal-Retzius cells to firing thresholds.
It is also important to note that our work cannot exclude other types of interneurons as a source of GABAergic input to CajalRetzius cells. In fact, although neurogliaform and O-LM cells provide dense innervation of stratum lacunosum-moleculare, additional cells have been also shown to target this hippocampal layer (Klausberger and Somogyi, 2008) .
Implications for the network functions of Cajal-Retzius cells
We propose that pyramidal cells may activate Cajal-Retzius cells via a disynaptic feedback pathway involving pyramidal 3 O-LM One recording with baseline frequency at 0 Hz, which produced action currents after stimulation, is identified by the infinity symbol. Notice the L-shape of the plot and the overwhelming association of excitatory responses with low baseline frequencies in contrast to inhibitory responses mostly associated with higher spontaneous activity.
cells and O-LM 3 Cajal-Retzius cells synapses. In fact, our results indicate that O-LM cells produce kinetically fast postsynaptic currents, which would be predicted to generate suprathreshold activity in Cajal-Retzius cells. What could be the result of the activation of Cajal-Retzius cells? Although several studies have proposed that these neurons release glutamate Hevner et al., 2003; Soda et al., 2003; but see Imamoto et al., 1994; Pesold et al., 1998) , an unequivocal demonstration of their functional output is still lacking. Therefore, at this stage, we may only speculate that the neurotransmitter released by CajalRetzius cells may regulate temporoammonic-CA1 synapses (Marchionni et al., 2010) and perhaps contribute to their maturation at early developmental stages. Future work determining the functional output of Cajal-Retzius cells is essential to clarify this issue.
In contrast, our results also highlight a more complex role for GABAergic input to Cajal-Retzius cells originating from local stratum lacunosum-moleculare interneurons. In most cases, our structural and/or electrophysiological findings identified these presynaptic neurons as feedforward neurogliaform cells. Depending on the membrane potential of the recorded CajalRetzius cell, kinetically slow input (Pearce, 1993) likely to originate from neurogliaform interneurons (Capogna and Pearce, 2011) could result in either inhibition or excitation.
The precise determination of the resting membrane potential in postnatal Cajal-Retzius cells has been technically difficult because whole-cell recording conditions progressively hyperpolarize these neurons (neocortex: Mienville and Pesold, 1999; hippocampus: Marchionni et al., 2010 Marchionni et al., , 2012 . Nevertheless, Zhou and Hablitz (1996) reported a developmentally regulated increase of membrane potentials from approximately Ϫ40 mV at P0 to approximately Ϫ60 mV at P10 in neocortical Cajal-Retzius cells (but see Mienville and Pesold, 1999) . Non-invasive techniques have also yielded contrasting results. Mienville (1998) and Mienville and Pesold (1999) reported depolarized (ϳ45 mV) membrane potentials using perforated-patch recordings, whereas Achilles et al. (2007) , by measuring the reversal potential of NMDA receptor channels recorded in cell-attached mode, estimated more hyperpolarized resting potentials (approximately Ϫ80 mV). In the hippocampus, we have observed spontaneously active Cajal-Retzius cells under cell-attached configuration, with firing frequencies ranging from 0 to 20 Hz (Marchionni et al., 2010) . However, it is difficult to translate these measurements into precise membrane potential values. In fact, the differential sensitivity to gabazine of spontaneous firing in Cajal-Retzius cells with lower versus higher control frequencies (Fig. 11) suggests that cells at the lower end of this distribution do possess a resting potential and are exclusively driven by spontaneous depolarizing synaptic events, whereas the ones firing at higher rates have a more depolarized potential and are mostly driven by intrinsic properties (Fig. 11) .
Either a bimodal or unimodal distribution (with a large variance) of the membrane potential of Cajal-Retzius cells themselves could explain the dichotomy of the inhibitory/excitatory responses to stratum lacunosum-moleculare. In this latter case, one might expect in the middle range smaller or even "neutral" responses, but this was not the case for our experiments (see the Figure 12 . A, Injection of a synaptic conductance with experimentally derived kinetic properties into Cajal-Retzius cells results in decreased/increased excitability depending on the membrane potential. Top, Experimental traces during the injection of the synaptic conductance (slow, slow kinetics derived from the experimental record of Fig. 11 ) and constant amplitude current pulses shifting in time to assess excitability. Several sweeps are superimposed; one trace is highlighted in red to allow the association with its appropriate current step (P14). The dotted line indicates Ϫ45 mV. The summary bar graph reveals an inhibitory response to the conductance injection with no excitation. Bottom, As in the top, but the cell was held at more hyperpolarized potentials (dotted line indicates Ϫ50 mV, P13). Notice in the summary graph the presence of a clear excitatory response. B, Same as in A but after the injection of a fast conductance, derived from stratum oriens stimulation (Fig. 9) . Notice the presence of a clear excitatory response under both depolarized (P14) and hyperpolarized (P13) conditions. L-shaped plot of Fig. 11 , without a progressive transition from excitation to inhibition with increasing baseline frequencies). The measurement of membrane potential from a very large number of Cajal-Retzius cells with non-invasive techniques will be required to directly build an accurate distribution and resolve this question. In any case, the level of membrane potential of Cajal-Retzius cells could reflect various factors. For example, it could be related to the specific ontogenetic origin of the cell, because several areas have been shown to contribute to Cajal-Retzius cell generation (Bielle et al., 2005) . However, the direct comparison of the electrophysiological properties of neocortical Cajal-Retzius cells of different ontogenetic origins failed to report any differences (Sava et al., 2010) . Alternatively, it could reflect the dynamic regulation of specific membrane properties. BK-type calciumdependent potassium channels expressed by Cajal-Retzius cells are powerfully modulated by chemokines, in particular by CXCL12, via the CXCR4 receptor (Marchionni et al., 2010 (Marchionni et al., , 2012 . We are currently testing the hypothesis that the endogenous levels of CXCL12 in the slice may determine the membrane potential and functional state of the cell under recording. However, independently of what the final mechanism(s) will turn out to be, it is nevertheless important to note that our data predict that modulation by chemokine of the membrane potential in Cajal-Retzius cells would determine the functional effect of GABAergic input from neurogliaform to Cajal-Retzius cells, thus adding another layer of complexity to their computational properties.
Conclusions
In summary, this work has reveled two previously unknown cellular sources of GABAergic input to Cajal-Retzius cells, namely neurogliaform and O-LM cells, and a functional dichotomy of CajalRetzius cells in their responses to specific GABAergic inputs. We propose that these new elements are important determinants of computational functions of CajalRetzius cells during the development of the hippocampal network and, potentially, even at more mature stages (Supèr et al., 1998) .
